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. Introduction
Materials with negative Poisson's ratios, more commonly known as auxetics [1] , exhibit the anomalous property of expanding laterally when stretched and contracting laterally when compressed [1, 2] . This behaviour is in sharp contrast to that of 'normal' everyday (conventional) materials for which the Poisson's ratio is positive with a value usually lying within the range 0.25-0.33 [3] .
Although auxetics are not commonly encountered in everyday life, in recent years there has been considerable research into this field in view of their very useful properties [4] . This led to the discovery of numerous auxetic materials [1, 2, , ranging from synthetic polymeric foams [10] [11] [12] [13] [14] [15] [16] to naturally occurring silicates and zeolites [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Additionally, a number of auxetic models and structures have also been identified [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] .
In all of the above cases, auxeticity can be explained in terms of the geometry of the system and the way this geometry changes when the system is subjected to uniaxial loads (deformation mechanism). For example, the Poisson's ratios in the naturally occurring silicate α-cristobalite and in various zeolites have been explained using models based on connected rigid units which, when loaded in tension, rotate relative to each other to form a more open structure [27, 28, 42, 50] , whilst the auxeticity in the liquid-crystalline polymers synthesised by Griffin et al. have been attributed to a model involving the rotation of laterally attached rods [33] [34] [35] .
It is important to note that although naturally occurring materials have the obvious advantage that they need not be synthesised, man-made auxetics offer the benefit that their macroscopic properties may be tailor-made to exhibit a specific predetermined profile of mechanical properties thus making them better suited for F o r P e e r R e v i e w O n l y particular applications. One approach for designing man-made molecular-level auxetics is to have a molecular structure that mimics the properties of another auxetic system, for example, a naturally occurring auxetic or an auxetic macrostructure.
Downscaling of macrostructures to the molecular level, a technique first used in the pioneering work by Evans et al. [1] , is possible because the Poisson's ratio is a scale independent property, i.e. the Poisson's ratio is normally unaffected by the scale at which a particular 'deformation mechanism' operates. In this respect, it should be noted that if a geometry-based model for the behaviour of a system is available, then this model can be used as a guide for fine-tuning the design and synthesis of molecular auxetics.
In this paper we use the commercially available molecular modelling package Materials Studio V4.2 (Accelerys Inc., San Diego, USA) to re-examine a number of 'auxetic' 2D molecular networks which have been designed through the downscaling technique, namely:
(1) 'reflexyne' polyphenylacetylene networks (see Fig. 1a ), originally reported by Evans et al. [1] which mimic the behaviour of auxetic re-entrant honeycombs (Fig 2a) , (2) 'polytriangles' polyphenylacetylene networks (see Fig. 1b ), originally reported by Grima and Evans [6] which mimic the behaviour of rotating triangles (Fig.   2b ), and (3) polymers built from calix [4] arenes (see Fig. 1c ) (henceforth referred to as 'polycalixes'), originally reported by Grima et al. [7, 8] that mimic the behaviour of an 'egg rack' macrostructure which when loaded in tension, opens In particular, we assess how these systems behave when they are loaded in an in-plane off-axis direction in an attempt to determine which of these systems is most capable of exhibiting auxetic behaviour. 
Simulations
Force-field based simulations were carried out using the commercially available software package Materials Studio, V4.2 (Accelerys Inc., San Diego, USA) on nine systems illustrated in Fig. 1 , in particular three reflexynes (1A-C, see Fig. 1a with (m,n) = (1,4), (1, 5) and (1, 6) respectively), three polytriangles (2A-C, see Fig. 1b with n = 3, 4 and 5 respectively) and three polycalixes (3A-C, see Fig. 1c with n = 0, 1 and 2 respectively). These systems, which have all been modelled before using different force-fields in an attempt to obtain their on-axis Poisson's ratio and Young's moduli [5] [6] [8] [9] have been chosen as they represent a representative sample of each class of materials. These systems were build as infinite crystalline systems (see Fig. 1 ) with the plane of interest aligned in the (100) plane. In the third direction, the networks were allowed to stack freely 'on each other' (in the case of the reflexynes and the polytriangles) or 'inside one another' (in the case of the polycalixes). The crystals were oriented in the global XYZ space in such a way that the [001] direction was always parallel to the Z-axis with the [010] direction lying in the YZ-plane. This alignment was chosen so as to ensure that the plane of the networks remains parallel to the YZ-plane and to enable a direct comparison with earlier work by Grima et al. [6] [7] [8] performed using Cerius 2 (Accelerys Inc., San Diego, USA).
Energy expressions for each of these nine networks were set up through the Discover Simulation Engine within Materials Studio 4.2 (henceforth referred to as MS Discover) using parameters from the PCFF [57] force-field 1 with non-bond terms being added using the Ewald summation technique [58] . Note that the PCFF forcefield was chosen in preference to the DREIDING force-field which was used in the earlier studies on the reflexynes [9] and the polytriangles [6] in view of the fact that unlike the PCFF force-field, the DREIDING force-field is unable to correctly represent the C 4v symmetry which is characteristic of single calix [4] arenes.
An energy minimisation was then performed to the default MS Discover ultra-fine convergence criteria using the SMART minimiser as implemented in MS Discover 2 .
During the minimisation, all cell parameters were set as variables, i.e. no constraints on the shape and size of the unit cell were applied. 1 As shown in Table 1 , the PCFF force-field can simulate all the systems under consideration allowing for a proper and unbiased comparison between the systems, as discussed later. 2 The SMART minimiser as implemented within MS Discover is a compound minimiser where the minimisation commences with the steepest descent algorithm followed by a conjugate gradient algorithm and terminates with a Newton Raphson algorithm. The 6x6 stiffness matrix C, which relates the stress σ σ σ σ and the strain ε ε ε ε through σ σ σ σ = C ε ε ε ε, , , , was then simulated using the constant strain method found in the Materials Studio V 4.2 Forcite module (henceforth referred to as MS Forcite). In these simulations, the maximum strain amplitude was set to 0.003 i.e. 0.3% strain and 7 distorted structures were generated for each strain pattern. Note that in such simulations, the maximum strain amplitude should be in the range of 0.1 -1% in an attempt to ensure that the strains are small enough to permit the structure to behave within its region of linear elasticity and at the same time avoid a situation where the strains are so low that the simulations generate a set of structures that are very similar to one another, in which case computational noise may become significant when comparing their calculated stress values.
The in-plane on-axis Poisson's ratios and moduli from these systems were then calculated from the compliance matrix S = C -1 which for the YZ plane (the plane of the networks) are given by:
Young's moduli : 22 1 y E s = Shear moduli: 44 1 yz G s = whilst the off-axis properties can be obtained after the stiffness matrices are transformed using appropriate axis transformation techniques [59] . 
Results and Discussion

(a) The simulated structures at zero stress
The simulations suggest that the minimum energy conformations of all the molecular network models possess a shape which is similar to the idealised structure which they are meant to mimic (see Fig. 3 ). We note that in all systems, the favourable π-π interactions between the different layers are being well represented. In fact, for polyphenylacetylene networks, the minimum energy separation between the different layers down the third direction is approx. 3.28Å in the case of the reflexynes (see Fig.   3a ) and approx. 3.44Å in the case of polytriangles (see Fig. 3b ), whilst, in the polycalixes we find that, for example, the distance between parallel layers of calix [4] arenes in 3A is 3.38Ǻ (see Fig. 3c ). These separations are comparable to the distance between layers of graphite (3.35Ǻ) [60] . We also note that in general, stacking in the third dimension is in such a way that whenever possible, the centres of the benzene rings are off-set from one another, this being clearly indicated by the deviations in the unit cell angles β and γ from 90 o in the case of the polyphenylacetylene networks (see Fig. 4 ). It is also interesting to note that the (1,4)reflexyne molecular network 1A is significantly non-planar with the phenyl rings adopting a conformation where they are at an angle to the YZ-plane (the 'plane of the networks') as illustrated in Fig. 3a , once again, in an attempt to optimise the favourable π-π interactions between the spatially adjacent phenyl rings in the system. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00515061, version 1 -4 Sep 2010 
b) The simulated on-axis Poisson's ratios and moduli
The on-axis Poisson's ratios and moduli as simulated in this study by the PCFF forcefield are summarised in Table 1 where they are compared with the equivalent published data obtained using the DREIDING force-field in the case of the reflexynes [5, 9] and polytriangles [6] and the PCFF force-field found within Cerius 2 in the case of the polycalixes [8] .
-Insert Table 1 -When analysing these results, we note that in the case of the polycalixes, the simulations carried out by Materials Studio were in excellent agreement with the simulations performed using the same force-field as found in Cerius 2 , thus confirming that the mechanical properties calculation tools found in the Forcite module of Materials Studio are well implemented. The small deviations obtained are to be expected in view of the fact that the energy minimisation process depends on both the minimisation algorithm chosen and on the initial direction that the minimiser takes, and thus minor differences can arise when a minimisation is repeated.
In the case of the polyphenylacetylene networks 1A-C and 2A-C, we note that our simulations confirm the predictions made in the previous studies using the DREIDING force-field that all of these systems exhibit negative on-axis Poisson's ratios in the plane of the networks (the YZ-plane). It is also interesting to note that although for a given structure, the different force-fields fail to agree on the actual values of the Poisson's ratios, a result which could be expected given that the properties are being calculated using different force-fields, the main trends in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00515061, version 1 -4 Sep 2010 results are still being represented, such as the observation that in the case of the polytriangles, the auxeticity increases as the acetylene chains are made longer. This agreement between the two sets of results is very significant as it indicates that the results predicted are not artefacts of some particular force-field, thus giving additional confidence in the quality of the simulated properties presented here.
When we compare the magnitude of results obtained by the different types of networks, something which is now possible since the three types of networks are simulated using the same force-field through the same protocol, we observe that despite the differences in the geometry of the systems modelled, the results prima facie suggest that all the three types of systems have a comparable potential to exhibit negative on-axis Poisson's ratios. In fact, in all cases, the on-axis Poisson's ratio ranges between -0.31 and -0.95, the actual values depending on the exact shape or size of the system being modelled. For example, we find that according to the PCFF force-field, zy ν for 1C, 3A and 2A is predicted as -0.46, -0.47 and -0.51 respectively, despite the obvious differences between these systems.
If we now look at the on-axis Young's and shear moduli for the different networks we note that once again, the trends suggested by the earlier simulations are reproduced. In particular we note that in the case of the polytriangles and polycalixes, the moduli decrease as the size of the triangles or 'arm' lengths of the calixes increase (density decreases). This is expected since in general, from a mechanistic point of view, an increase in the 'arm' length leads to larger induced moments when a force is applied to the system, leading to a higher extent of deformation which is reflected in a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 decrease in the Young's and shear moduli. In the case of the reflexynes, the situation is more complex as we find that whilst the on-axis Young's modulus in the Ydirection and shear modulus increases with a decrease in n (the number of triple bonds in the vertical acetylene chain aligned with the Z direction). Such variations were predicted by Gibson and Ashby's mechanical model [53] (m,n in our molecular model may be mapped to the variables l and h respectively in Gibson and Ashby's model).
It is also interesting to note that on-axis shear moduli of the polytriangles are considerably larger than those of the other systems, a property which arises from the fact that triangles are structurally difficult to shear. In this respect, it is important to note that the analytical model for the idealised 'rotating hinging triangles' had suggested that the shear modulus of such systems is infinite [55] , a property which in molecular level system is difficult to accomplish.
These high on-axis shear moduli are however only limited to the polytriangles. In fact we find that despite the fact that re-entrant honeycombs have very high on-axis Young's moduli, they are very weak in shear. For example, in the case of the molecular-level honeycomb (1,4)-reflexyne (1A) G yz is only 3.81 % of y E and 4.60%
of z E . The weakness of these honeycombs when subjected to an on-axis shear strain is not limited to the reflexyne molecular honeycomb networks but is a property of all such honeycombs, irrespective of the scale at which they are built. In fact, this weakness in shear is also inferred by Gibson and Ashby's analytical equations for the idealised flexing models which predict that for a flexing re-entrant honeycomb having dimensions t l and h l of 0.01 and 2 respectively and a re-entrant angle of 30° 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Fig. 6b ), the on-axis shear modulus is only 3.75% of the Young's moduli.
(d) The off-axis mechanical properties
Plots of the in-plane (YZ-plane) off-axis Poisson's ratios and moduli for the nine different systems are shown in Fig. 5 . These plots very clearly show that because of their distinct geometries and symmetries, the off-axis Poisson's ratio profiles of these systems are in fact very different from each other. (Note that although there is extensive work which discusses the on-axis properties of molecular reflexyne, polytriangles and polycalix networks, and there is also work which discusses the offaxis mechanical properties of idealised flexing/hinging/stretching re-entrant honeycombs [61] and idealised 'rotating triangles' [55] , no analysis of the off-axis properties of the molecular networks has yet been presented.)
In particular, in the case of the Poisson's ratio, we observe that:
(1) In the case of the reflexynes, the off-axis plots are characterised by non auxetic behaviour, having very high positive off-axis Poisson's ratios, the maximum of which is circa 0.85 and corresponds approximately to loading at 45 o to the Y-and Z-directions;
(2) In the case of the polytriangles, the off-axis Poisson's ratios are always negative and very similar to those observed on-axis (the networks are quasi isotropic), as expected from systems exhibiting hexagonal symmetry. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (3) In the case of the polycalixes, the off-axis Poisson's ratios are less negative than on-axis. However, in the case of 3B and 3C, in-plane auxeticity can be observed for loading in any direction of the plane, and in the case of 3A, the system is auxetic for loading in most, but not all, directions.
In an attempt to quantify these observations regarding the extent of in-plane auxeticity of the different systems, we shall define two properties, namely: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00515061, version 1 -4 Sep 2010 When these properties are evaluated for the different networks (see Table 2 ), we note that, starting with the most auxetic system, the order of auxeticity in the YZ-plane is: 
This analysis clearly suggests that the polytriangles are the best systems in terms of the in-plane off-axis auxeticity, followed by the polycalixes and then by the reflexynes which are in fact predominantly conventional for loading off-axis.
Before we conclude our discussion on the Poisson's ratio, it is important to highlight that although the ranking above suggests that the different systems within the same class have a different extent of auxeticity, this variation is not always explainable in terms of the idealised mechanical model they are meant to mimic. For example, the idealised 'rotating triangles' model [55] predicts a constant isotropic Poisson's ratio of -1, something which is clearly not demonstrated by the molecular level model. This deviation may be explained from the fact that these molecular level networks are more complex, even in shape, when compared to the idealised model, and whilst in the idealised 'flexing rotating triangles' model, the sides of the triangles are simple beams, in the case of the molecular level networks they are two benzene rings joined together by an acetylene chain. In such systems, it is primarily the acetylene chains, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 It is also interesting to note that although all the 'polycalixes' are auxetic, they do not have an in-plane on axis Poisson's ratio of -1 as predicted by the idealised model [8] .
These discrepancies may be explained using similar arguments, i.e. that the smaller systems deviate more from the idealised model they are meant to mimic than the larger systems. In particular, as explained elsewhere [8] we note that the idealised 'egg-rack / umbrella' model is not a very accurate representation of the 'double calix' systems. In fact we note that these systems bear a greater resemblance to structures whose joints are replaced by a rhombic units (see [8] for a more detailed discussion and illustration) in which case we can identify two deformation mechanisms when the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to be less auxetic than the larger systems (where the umbrella arms are more predominant). This trend is in fact evident in results obtained in this study where 3A is found to be much less auxetic than 3C.
If we now look at the in-plane off-axis moduli of these systems (see Fig. 5 ) we note that whilst the moduli of the polytriangles are unaffected by the direction of loading, those of the reflexynes and the polycalixes are characterised by a high degree of anisotropy. In particular we note that the high Young's moduli observed in the reflexyne for on-axis loading decrease sharply for loading off-axis to values which are about a fifth of their on-axis values. Furthermore, it is interesting to note that the highly auxetic polytriangles and polycalixes are very distinct from each other in the sense that the in-plane moduli of the polytriangles are consistently higher than the inplane moduli of the polycalixes, despite the fact that the polycalixes are significantly more dense than the polytriangles (see Table 1 ). All this suggests that the polytriangles may be better suited than the other networks, particularly the reflexynes, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Although the results on the re-enrant honeycombs presented here may prima facie appear as surprising, particularly in view of the fact that the re-entrant shape is so closely associated with auxetic behaviour, it is important to note that this lack of offaxis auxeticity in 'flexing re-entrant honeycombs' is consistent with Gibson and Ashby's model of idealised honeycombs [53] [54] and results from the fact that such honeycombs are very weak in shear when compared to the uniaxial on-axis stretching,
In fact, as illustrated in Fig. 6a , the profile of Poisson's ratio for a re-entrant honeycombs made from ABS having dimensions t l and h l of 0.01 and 2 respectively (dimensions defined in Fig. 6b ) is very similar to those of the molecular level networks.
Conclusion
In this work we have fully characterised and compared the in-plane properties of three types of hypothetical molecular polymeric networks which were predicted to exhibit auxetic behaviour, in particular the polyphenlyacetylene networks which, to a first approximation, mimic the behaviour of 'flexing re-entrant honeycombs' or 'flexing rotating triangles', and the polymers built from calix [4] arene building blocks.
We showed that these three types of systems exhibit very different mechanical properties, with the polytriangles being quasi isotropic in the plane of the networks whilst the other networks, particularly the reflexyne, are highly anisotropic. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We also showed that although for many years it was assumed that auxetic behaviour is primarily obtained from systems having re-entrant honeycomb characteristics, these systems are not the best for obtaining auxetic behaviour due to the fact that they are very weak in shear thus resulting in highly positive off-axis Poisson's ratios. In fact, we showed that the polytriangles and the polycalixes are effectively more auxetic than those based on the re-entrant model, with the polytriangles also benefiting from higher shear moduli when compared to the polycalixes.
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